Genomic DNA of African trypanosomes contains a hypermodified thymidine residue termed base J (b-D-glucosyl-HOMedU). This modified base is localized primarily to repetitive DNA, namely the telomeres, and is implicated in the regulation of antigenic variation. The base is synthesized in a two-step pathway. Initially, a thymidine residue in DNA is hydroxylated by a thymidine hydroxylase (TH). This intermediate (HOMedU) is then glucosylated to form base J. Two proteins involved in J synthesis, JBP1 (J binding protein 1) and JBP2, contain a putative TH domain related to the family of Fe 2+ /2-oxoglutarate-dependent hydroxylases. We have previously shown that mutations in the TH domain of JBP1 kill its ability to stimulate J synthesis. Here we show that mutation of key residues in the TH domain of JBP2 ablate its ability to induce de novo J synthesis. While the individual JBP1 null and JBP2 null trypanosomes have reduced J levels, the deletion of both JBP1 and JBP2 generates a cell line that completely lacks base J but still contains glucosyl-transferase activity. Reintroduction of JBP2 in the J-null trypanosome stimulates HOMedU formation and site-specific synthesis of base J. We conclude that JBP2 and JBP1 are the TH enzymes involved in J biosynthesis.
INTRODUCTION
Base J is a modification of DNA found in all members of the kinetoplastid family as well as the closely related diplonema and euglena. Base J is primarily associated with repetitive DNA such as telomeres, 177, 50 and 70 bp repeats (1, 2) . In Trypanosoma brucei, J is developmentally regulated and found only in bloodstream stage parasites (3) . This, along with its association with transcriptionally silent but not with active telomeric surface protein expression sites (3) has led to the hypothesis that the modified base functions to regulate antigenic variation, a mechanism which allows the parasite to persist in the mammalian host. However, the function of this modified base has yet to be elucidated.
Whilst the function of J remains a mystery, much is known about its biosynthesis. J is synthesized in a twostep pathway (4) ( Figure 1A ).
Step 1 involves the oxidation of thymidine residues, by a thymidine hydroxylase (TH), forming the intermediate HOMedU in DNA. This intermediate is then glucosylated by a glucosyl-transferase to form base J. Two key proteins involved in regulation of J synthesis have been identified; JBP1 (J binding protein 1) and JBP2 (5, 6) . JBP1 binds base J in double stranded DNA and stimulates additional J synthesis (5, 7, 8) . JBP2 was identified in silico based on its N-terminal homology to JBP1 (34% identity, 45% similarity) ( Figure 1B ) and was shown to stimulate de novo J synthesis (6, 9) . Unlike JBP1, JBP2 does not bind to base J. However, the C-terminal domain of JBP2 contains a SWI2/SNF2 domain that may allow specific JBP2-chromatin interactions, thus regulating site specific de novo J synthesis. The SWI2/SNF2 domain of JBP2 contains the seven characteristic conserved motifs present in members of the family of ATPase/DNA helicase enzymes. The importance of the SWI2/SNF2 domain in JBP2 function was confirmed by mutation of the helicase motifs involved in ATP hydrolysis (6) . Such mutations kill the ability of the protein to stimulate de novo J synthesis.
Recently, we proposed that JBP1 and JBP2 are the TH enzymes that stimulate the formation of HOMedU during Step 1 of the J-synthesis pathway (9) . We have shown that a region within the homologous N-terminal domain of JBP1 and JBP2 contains a motif that is conserved among members of the Fe dependent dioxygenase (hydroxylase) family of enzymes ( Figure 1B ). Four residues within this motif are critical for the coordination of Fe 2+ and 2-oxoglutarate binding as well as functionality of this family of enzymes (10) . Amino acid substitution of these residues within the putative hydroxylase region of JBP1 abolished its ability to stimulate J synthesis in the bloodstream form JBP1 null trypanosome (11) . While it is tempting to hypothesize that both JBP1 and JBP2 are the TH enzymes, the comparative functional analysis of JBP2 has not been performed. Here we show that mutations within the proposed TH domain of JBP2 inhibit its ability to initiate de novo J synthesis. In addition, we demonstrate that the deletion of both JBP1 and JBP2 generates a bloodstream form trypanosome cell line that lacks the modified base (J null). This cell line still contains the glucosyl-transferase enzyme required for the Step 2 of the synthesis pathway since HOMedU feeding results in the formation of base J. Reexpression of JBP2 and JBP1 in the J null cell line rescues J synthesis. The expression of JBP2 alone stimulates site-specific de novo synthesis and concomitant expression of JBP1 in this cell line amplifies J synthesis within the specific regions of the genome seeded by JBP2. Furthermore, the reexpression of JBP2 in a J null background generates the intermediate HOMedU in genomic DNA. These results confirm the identity of JBP1 and JBP2 as the TH enzyme(s). A model is presented for the mechanism of JBP catalyzed thymidine hydroxylation and to explain why two enzymes are required to regulate J biosynthesis.
RESULTS

Mutation of the proposed hydroxylase domain of JBP2 inhibits de novo J synthesis
It was previously shown that alanine substitution of four key conserved residues critical for the function of Fe2+/ 2-oxoglutarate dependent hydroxylases in the N-terminal domain of JBP1 ablates the proteins ability to stimulate J synthesis in vivo (11) . We decided to take a similar approach to address the importance of these residues in de novo synthesis by JBP2. Alanine substitutions were made in the four critical residues within the conserved HRDX 47 HX 13 R motif ( Figure 1B) . As a control, we made a valine to alanine substitution in a residue found outside of the proposed catalytic domain. We expressed either the wild type (WT) JBP2 or the mutant JBP2 proteins in insect stage trypanosomes, which do not contain the modified base and determined the J content of each cell line. J levels were assessed by DNA dot blot analysis using an antibody against base J. This analysis revealed that mutations made within the key catalytic domain ablated the ability of JBP2 to initiate de novo J synthesis ( Figure 2A ). Western blot analysis revealed that both WT and mutant JBP2 proteins are expressed at similar levels ( Figure 2B ), and immunofluorescence analysis showed that all localize to the nucleus ( Figure 2C and data not shown). Therefore, the failure of the mutant proteins to function is not due to differential expression or localization within in the cell. While the aspartic acid mutation does not ablate de novo J synthesis in procyclic trypanosomes, it does cause a slight reduction in activity when compared with WT JBP2. We are uncertain as to why this alanine substitution does not ablate JBP2 function. However, other members of the Fe 2+ /2-oxoglutarate hydroxylase family exhibit flexibility in the importance of the Asp residue within the conserved motif in iron coordination and catalysis (12) .
The deletion of both JBP1 and JBP2 generates a cell line null for the modified base Cell lines null for either JBP1 or JBP2 have been generated and analyzed (9, 13) . While the reduction of base J levels in each of these cell lines indicated a role for JBP1 and JBP2 in J biosynthesis, presumably the activity of the remaining JBP maintained J synthesis to varying degrees. If JBP1 and JBP2 are the TH enzymes involved in J-biosynthesis, the deletion of both would be required to generate a trypanosome cell line completely lacking J synthesis. Therefore, we constructed a cell line in which both JBP1 and JBP2 were deleted from the trypanosome genome. To do this, we knocked out both alleles of JBP1 from the JBP2 À/À cell line (see Methods section). Southern blot analysis confirmed deletion of both alleles of JBP1 and JBP2 from the genome of the resulting cell line (JBP2 À/À /JBP1 À/À ) ( Figure 3 ). J levels were quantified in the JBP2 À/À JBP1 À/À cell line by DNA dot blot analysis. As we have previously seen, the deletion of JBP1 or JBP2 alone cause a significant reduction in J levels in the genome ( Figure 4 ). However, when both JBP1 and JBP2 are deleted, we generate a cell line that is null for the modified base (J null). The reintroduction of JBP2 in the J-null cell line stimulates de novo J synthesis. The expression of JBP1 in the presence of JBP2 acts to stimulate additional J synthesis ( Figure 4 ). In contrast, reexpression of the JBP2 TH mutant (H441A) in the J null fails to stimulate J synthesis (data not shown).
The requirement for Step 1 of the J-biosynthesis pathway can be bypassed (and therefore the hydroxylation of thymidine residues) by feeding cells a synthetic HOMedU, which is randomly incorporated into the genome during DNA replication (14) . The ability of the J null to convert HOMedU into J ( Figure 4 ) indicates that the cell still contains the glucosyl-transferase enzyme. Ultimately, the inability of the J-null cell line to synthesis J is due to ablation of the Step 1 of the biosynthesis pathway. This strongly implicates that both JBP1 and JBP2 play a pivotal role in the hydroxylation of thymidine residues in vivo.
The generation of the J-null cell line indicates that, in contrast to Leishmania (15) base J is not essential to T. brucei in vitro bloodstream form cultures. The J-null cell line has no significant growth rate or cell cycle defects when compared with WT trypanosomes (data not shown).
The reintroduction of JBP2 and JBP1 in the J-null cell line induces site-specific J synthesis Previous analysis of JBP1 and JBP2 function in regulating J synthesis was done in the trypanosome life-stage (insect stage) that normally lacks base J (4).
These studies indicated that JBP2 stimulated site-specific de novo base J in the genome and concomitant expression of JBP1 led to additional J synthesis in these specific regions. With the generation of the J-null cell line, we can confirm the localization of base J upon systematic expression of JBP2 and JBP1 in the native J-containing trypanosome life-stage. Therefore, we characterized the localization of base J in the J-null cell line expressing JBP2 and the null expressing both JBP proteins. To do this, genomic DNA was sonicated, immunoprecipitated with anti-J antisera and the purified J-DNA fragments were blotted and probed for regions of the genome known to contain J (177, 70 and 50 bp repeats and telomeres) as well as regions that are known to lack J (enolase). As expected, WT cells show high levels of J in the telomeric and subtelomeric repeats, and no J in the enolase gene ( Figure 5 ). In contrast, when the J-null cells are fed HOMedU, which is then nonspecifically distributed throughout the genome (14) , there is significant immunoprecipitation of all regions of the genome examined ( Figure 5 ). As shown in Figure 5 , the expression of JBP2 in the J-null cell line stimulates J synthesis in a sitespecific manner as in WT cells, albeit to lower levels. The introduction of JBP1 in this cell line significantly amplifies the basal levels of J seeded at specific sites by JBP2.
JBP2 induces the formation of HOMedU
All the data so far supports the hypothesis that JBP2 and JBP1 are the TH enzymes catalyzing Step 1 of the J-biosynthesis pathway. However, it is important to note that all our analysis to date has relied upon the detection of J as a read-out of biosynthesis. Clearly, this represents an endpoint of the J-biosynthesis pathway rather than a direct measure of the initial thymidine hydroxylation step. Therefore, we devised an anti-HOMedU immunoprecipitation assay to detect the formation of the intermediate in genomic DNA following JBP2 expression. To do this, DNA samples were digested to mononucleotides, postlalled labeled with 32 P (16) and immunoprecipitated with anti-HOMedU antisera. The levels of HOMedU purified by the anti-HOMedU affinity resin were detected by scintillation counting. The specificity of the antibody was established by performing immunoprecipitation reactions on digested telomeric DNA oligos containing either four molecules of HOMedU, J or thymine. These control analyses indicate that the specificity of the antibody is significantly above any cross-reactivity with base J or unmodified DNA nucleotides ( Figure 6A ). As shown in Figure 6B , the expression JBP2 in the J-null cell line stimulates levels of HOMedU synthesis above the J-null background. Student's t-test indicates this difference is significant (P < 0.00001). Moreover, the expression of the TH mutant (JBP2-H319A) fails to stimulate HOMedU formation. As a positive control for the assay, high levels of HOMedU are detected in J-null cells grown in the presence of HOMedU. These data identifies JBP2 as an enzyme directly involved in the synthesis of HOMedU.
DISCUSSION
Here we demonstrate that the JBP1 and JBP2 are 'the' key enzymes involved in the Step 1 of the J-biosynthesis pathway. The deletion of both proteins generates a J-null cell line. Upon reintroduction of both proteins, J synthesis is restored in a site-specific manner. Feeding of the J-null cell line with HOMedU results in J synthesis, indicating that the cell line still contains the glucosyl-transferase enzyme. Therefore deletion of JBP1 and JBP2 from the genome ablates Step 1 of the biosynthesis pathway but not Step 2 ( Figure 7) . Mutation of JBP2 at key residues conserved in members of the Fe 2+ /2-oxoglutarate dependent dioxygenases ablates the ability of JBP2 to stimulate de novo J synthesis. Previous analysis has revealed that the same mutations made in JBP1 allow the protein to bind J-DNA but inhibit its ability to propagate J synthesis (11) . Furthermore, we can detect the formation of HOMedU in J-null cells expressing JBP2. Taken together, we believe that the evidence presented in this demonstrates that JBP1 and JBP2 are the two distinct TH enzymes involved in J biosynthesis.
Previous to JBP1 and JBP2, no TH enzymes have been identified. However, thymine hydroxylase enzymes have been characterized in fungi including Neurospora crassa and Rhodotorula glutinis (17-21). These thymine 7-hydroxylase enzymes are involved in the thymine salvage pathway catalyzing the oxygenation of thymine to 5-hydroxymethyluracil coupled to oxidative decarboxylation of 2-oxoglutarate (20) . Once thymine is converted to HOMedU, it can then be converted into uracil through a series of enzymatic steps, allowing the use of thymine as a pyrimidine source in the absence of a de novo synthesis pathway. As these enzymes are members of the Fe 2+ /2-oxoglutarate hydroxylase family, oxygen and 2-oxoglutarate are cosubstrates for the reaction and carbon dioxide and succinate the by products. Based on the functional analysis of JBP1 and JBP2, we believe that both proteins stimulate the hydroxylation of thymidine by a mechanism similar to the fungal enzymes, but at the DNA level rather than nucleotide level. Therefore, as proposed in Figure 7 , JBP2 and JBP1 would convert thymidine into HOMedU in DNA using oxygen and 2-oxoglutarate as co-substrates, Fe 2+ as a cofactor. The reaction would release carbon dioxide and succinate. The finding that both JBP1 and JBP2 bind chromatin (in a J-dependent and -independent manner, respectively) in vivo further supports this model (6) .
Mutagenesis of the conserved residues involved in binding Fe 2+ and 2-oxoglutarate strongly implicates JBP1 and JBP2 as members of the Fe 2+ /2-oxoglutarate family of hydroxylases. Regardless of the clear in vivo evidence, an in vitro DNA thymidine hydroxylation assay is needed to confirm this identity. To date, all attempts to detect the hydroxylation of thymidine in vitro has been unsuccessful. However, the recent isolation of recombinant JBP2 in the lab has opened up a number of new assays currently being pursued. Previous analysis of insect-stage trypanosomes (which normally lack J) indicated that JBP1 and JBP2 regulate J synthesis (6) . The analysis of JBP1 and JBP2 function in bloodstream form trypanosomes described here, mirrors that seen in insect stage cells (6) . This data, along with the mutational analysis of JBP1 (11) indicates that these proteins regulate J biosynthesis by representing the key enzymes of the J-synthesis pathway. This finding raises the interesting question as to why there are two TH enzymes involved in J biosynthesis. We suggest that differences in DNA substrate specificity between JBP1 and JBP2 impart a distinct function for each in the biosynthesis pathway. JBP2 has been shown to bind to chromatin independent of base J (6). We propose that it recognizes specific regions of chromatin where it can then open up the chromatin via the C-terminal SWI2/SNF2 domain, allowing access of the TH domain to thymidine residues in double stranded DNA. JBP1, on the other hand, is able to bind J-DNA with high affinity (7, 22) . Once bound to regions of the genome containing base J, JBP1 can hydroxylate adjacent thymidine residues. The strong affinity of JBP1 for base J acts to maintain JBP1 at sites in the genome already seeded with J (by JBP2), allowing JBP1 to maintain and propagate J in a site-specific manner. In this way, JBP2-chromatin interactions provide the specificity of J-localization while JBP1, via the strong affinity for J-DNA, provides the stimulation and maintenance of J during replication at regions dictated by JBP2. While this separation of JBP1/JBP2 function in J biosynthesis is appealing, detailed analysis of the JBP2 À/À suggests the model to be more complex. In the absence of JBP2, JBP1 is apparently unable to stably maintain J. The initial deletion of JBP2 from the bloodstream trypanosome resulted in a 5-fold reduction in J levels (9) . However, as we show here, upon further growth ($800 generations) J levels are 8-fold less than WT (Figure 4) . Therefore, JBP1 may require ongoing chromatin remodeling by JBP2 to optimally propagate/maintain J within certain regions of the genome. The detailed analysis of JBP1 and JBP2 function in the bloodstream form trypanosome J-null cell line will help elucidate the contribution of each TH enzyme to the overall J-synthesis pathway.
A role for J in the regulation of antigenic variation has been proposed based on a number of key observations. J is developmentally regulated, being present only in the bloodstream form trypanosomes and not insect stage cells (which do not undergo antigenic variation) (23) . Moreover, the association of J with silent and not transcriptionally active telomeric Variant Surface Glycoprotein (VSG) expression sites (3) suggests that the modified base plays a critical role in the repression of silent expression sites, ensuring monoallelic VSG gene transcription. Attempts to elucidate the function of J were performed on cell lines in which JBP1 or JBP2 had been deleted. However, despite causing a significant reduction in J levels, no clear phenotypic effect on VSG gene switching was measurable. It has not escaped our attention that the generation of a cell line which completely lacks the modified base is an invaluable tool in allowing us to address the biological function of base J in African trypanosomes including its potential role in the regulation of antigenic variation.
EXPERIMENTAL PROCEDURES
Enzymes and chemicals
Hygromycin, puromycin, blasticidin, neomycin and phleomycin were purchased from Research Diagnostic International. All restriction enzymes were purchased from New England Biolabs. Anti-GFP antibody, Alexa labeled goat anti-rabbit and Benchmark Pre-stained protein standard were purchased from Invitrogen. Prime-It II random primer labeling kit was purchased from Stratagene, a-32 P-dATP and g-32 P-ATP was purchased from Perkin Elmer. Enhanced chemiluminescent (ECL) and Hybond-N+ were from Amersham. Goat anti-rabbit horseradish peroxidase (HRP) was purchased from Southern Biotec Inc. All other chemicals were purchased from Sigma Aldrich.
Trypanosome growth and cell culture
Both culturing and transfection of insect stage T. brucei 29-13 cells were carried out as described previously (6) . Bloodstream form T. brucei cell line 221a of strain 427 were cultured as described previously (6) . Bloodstream from transfections were carried out as previously described (24) .
HOMedU feeding of bloodstream form trypanosomes
Cells were grown in HMI9 in the presence of 1mM HOMedU for 3 days. Cultures were started at low cell densities to ensure maximal incorportation.
Generation and analysis of T. brucei transfectants
The T. brucei JBP2 À/À cell line was generated by loss of heterozygosity (LOH) as described (9) . JBP1 was deleted from the JBP2 À/À cell line using constructs containing either a blasticidin S deaminase (BSR) or a puromycin acetyltransferase (PAC) gene as described (13) . Each knock out construct of weight 5 mg, digested with NotI and ApaI, was used to transform the JBP2 À/À cell line. Transfectants were selected for resistance at 0.1 mg/ml puromycin or 2 mg/ml blasticydin. Two rounds of transfection were used to replace both JBP1 alleles. While LOH was also done to delete the second JBP1 allele, as previously described (9), these cell lines were not utilized in the studies shown here. The deletion of JBP1 from the genome was confirmed by southern blot analysis and hybridization with a full length JBP1 ORF probe.
The generation of J-null cells expressing JBP2 was performed by transfection with GFP-JBP2-Tub-phleo (6). The construct was digested by NotI and XhoI prior to transfection. Transfectants were selected with 2.5 mg/ml phleomycin. To generate cell lines expressing both JBP1 and JBP2, the null expressing JBP2 was subject to an additional round of transfection with JBP1-neo (8). This construct allows the expression of JBP1 from the ribosomal locus. Five microgram of the construct was linearized by AvaI digestion prior to transfection. Transfectants were selected at 2 mg/ml neomycin.
Mutagenesis
The mutations in JBP2 were made by site-directed mutagenesis using the Quik-Change site-directed mutagenesis kit (Stratagene) following the instruction of the manufacturer. The WT Tb GFP-JBP2-tub-phleo construct was used as a template. The different oligonucleotides used for the mutagenesis reaction as well as detailed maps of the expression vectors can be given upon request. Mutations were verified by sequencing using an ABI Prism 3700 DNA Analyzer (Applied Biosystems). The GFP-JBP2 constructs were linearized and transfected into the 29-13 insect stage cells as previously described (6).
Determination of the genomic level of J
To quantify the genomic J levels, we used the anti-J DNA immunoblot assay as described (3) on total genomic DNA, which was isolated as described (25) . Briefly, serially diluted genomic DNA was blotted to nitrocellulose and incubated with anti-J antisera. Bound antibodies were detected by a secondary goat anti-rabbit antibody conjugated to HRP and visualized by ECL. The membrane was stripped and hybridized with a probe for the beta-tubulin gene to correct for DNA loading.
Western blotting
Proteins from 10 7 cell equivalents were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS page 8% gel), transferred to nitrocellulose and probed with anti-JBP2 as described (9 Figure 7 . Proposed mechanism of JBP1 and JBP2 catalyzed thymidine hydroxylation. The two-step J-biosynthesis pathway in T. brucei. Indicated is the proposed mechanism of JBP2/JBP1 catalyzed hydroxylation of thymidine residues during the initial step of the pathway, as discussed in the text. Bypassing
Step 1 (and therefore JBP catalyzed thymidine hydroxylation) can be achieved through feeding cells HOMedU, as indicated. The absence of base J in the genome of the J null cell, but its ability to convert incorporated HOMedU to J, indicates that only Step 1 of the synthesis pathway is ablated upon deletion of JBP1 and JBP2. The glucosyl transferase (GT) enzyme is still active in this cell line.
were detected by a secondary goat anti-rabbit antibody conjugated the HRP and visualized by ECL.
Microscopy
The detection of WT and mutant GFP-JBP2 expressed in insect stage T. brucei was performed by anti-GFP immunofluorescence analysis. Cells were fixed in 4% formaldehyde, 0.04% gluteraldehyde for 20 min, and quenched using 10 mM ammonium chloride. Cells were then permeabilized in 0.1% NP40 and blocked for 20 min in normal goat serum. GFP was detected using anti-GFP (1 in 500 dilution), followed by secondary goat antirabbit (Alexa 594, 1 in 500 dilution). Cells were mounted in dapi-vecta shield. Images were acquired using an Axioobserver Z1 equipped with an Axiocam MRm camera controled by Axiovision, version 4.6, software.
Determination of the sequence distribution of J This was done as described previously (2, 3, 13) .
Detection of HOMedU
Detection of HOMedU was performed by immunoprecipitation of kinase-labeled mononucleotides using a HOMedU specific goat-polyclonal antibody (ABCam). DNA digestion and postlabeling (via g-32 P-ATP and PNK) were carried out as previously described (16) . Protein G coated paramagnetic beads (Dynabeads, Invitrogen) were washed according to the manufacturers recommendation prior to immunoprecipitation. For each immunoprecipitation, 25 ml of washed beads were incubated with 5 ml of HOMedU antiserum for 30 min at room temperature with agitation. Beads were washed (4 Â 1 ml) in binding buffer (0.1 M NaPhosphate, 0.01% Tween-20 pH 8.0). Antibody coated beads were suspended in 250 ml of binding buffer, 32 P-labeled mononucleotides were added, and the reaction was incubated at room temperature for 30 min with rocking. Beads were washed in binding buffer (6 Â 1 ml) followed by scintillation counting. Oligos modified with HOMedU (H) (ACCCHAACCC HAACCCHAACCCHA), J (ACCCJAACCCJAACCC JAACCCJA) and an unmodified (thymidine) control (ACCCTAACCCTAACCCTAACCCTA) were used to examine specificity of the HOMedU polyclonal antibody. HOMedU content of WT and mutant T. brucei genomic DNA was evaluated as described for DNA oligos.
